Abstract The build-up of methane in the hypolimnion of the eutrophic Lake Rotsee (Lucerne, Switzerland) was monitored over a full year. Sources and sinks of methane in the water column were characterized by measuring concentrations and carbon isotopic composition. In fall, high methane concentrations (up to 1 mM) were measured in the anoxic water layer. In the oxic layer, methane concentrations were much lower and the isotopic composition shifted towards heavy carbon isotopes. Methane oxidation rates peaked at the interface between oxic and anoxic water layers at around 8-10 m depth. The electron balance between the oxidants oxygen, sulphate, and nitrate, and the reductants methane, sulphide and ammonium, matched very well in the chemocline during the stratified season. The profile of carbon isotopic composition of methane showed strong indications for methane oxidation at the chemocline (including the oxycline). Aerobic methane oxidizing bacteria were detected at the interface using fluorescence in situ hybridization. Sequencing the responsible organisms from DGGE bands revealed that aerobic methanotrophs type I closely related to Methylomonas were present. Sulphate consumption occurred at the sediment surface and, only towards the end of the stagnation period, matched with a zone of methane consumption. In any case, the flux of sulphate below the chemocline was not sufficient to oxidize all the methane and other oxidants like nitrate, iron or manganese are necessary for the observed methane oxidation. Although most of the methane was oxidized either aerobically or anaerobically, Lake Rotsee was still a source of methane to the atmosphere with emission rates between 0.2 mg CH 4 m -2 day -1 in February and 7 mg CH 4 m -2 day -1 in November.
Introduction
Methane, the second most important greenhouse-gas after carbon dioxide and about 20 times more potent than the latter (IPCC 2001) , has not only been held responsible for dramatic climate changes in the past (Kennett et al. 2000; Dickens 2003 ) but also has a significant share on global warming today (Cicerone and Oremland 1988; Rasmussen and Khalil 1984) . Presently, more than 71%, or 358 Tg year -1 , of the emitted methane is of anthropogenic origin, including emissions by energy production, cattle raising, rice fields, land fills, wastewater, and clearing (Wuebbles and Hayhoe 2002) and 18% of these emissions were attributed mainly to tropical and temperate reservoirs (St. Louis et al. 2000) . Individual sources of natural methane emissions are not well defined, however, recent publications hint at lakes as an overlooked source (8-48 Tg CH 4 year -1 , Bastviken et al. 2004) , representing a significant fraction of all natural emissions (i.e. 145 Tg year -1 , lakes not included, Wuebbles and Hayhoe 2002) . In contrast, much lower numbers (1.2 Tg year -1 ) were given recently for European lakes (Saarnio et al. 2009 ).
Whereas the process of anaerobic oxidation of methane (AOM) has been traced in the Black Sea water column (Ward et al. 1987; Reeburgh et al. 1991; Schubert et al. 2006 ) and non-freshwater lakes like Lake Mendota (Panganiban et al. 1979) and Big Soda Lake (Iversen et al. 1987) , very little is known from freshwater sediments or water columns, and only one recent publication from a lake water column is available (Eller et al. 2005) . In holomictic lakes, excess production of phytoplankton in spring and summer leads to anoxic conditions in bottom waters and organic matter degradation is mediated by anaerobic processes leading to the formation of methane via methanogenesis if no other electron acceptors are available (Conrad 1989) . In lakes, this degradation pathway is dominant, whereas in marine systems sulphate reduction by sulphate reducing bacteria is the main process (Jørgensen 1982) . Hence, in stratified lakes methane can accumulate to high concentrations (*20 mmol) in the hypolimnion (Schmid et al. 2005) .
Methane produced in oceanic sediments is oxidized anaerobically, especially in methane-rich sediments associated with methane hydrates and methane seeps (see reviews by Reeburgh et al. 1991; Hinrichs and Boetius 2002) . Brock (1979, 1980) first proposed that AOM might be carried out by a consortium of different groups of bacteria. There is now compelling biomarker, isotopic and microbiological evidence (e.g. Hinrichs et al. 1999; Boetius et al. 2000; Pancost et al. 2000; Nauhaus et al. 2002; Orphan et al. 2002) for a consortium consisting of methane-oxidizing Archaea and sulphate-reducing Bacteria. However, some methanotrophic Archaea may oxidize CH 4 without tight coupling to a partner (Orphan et al. 2002; Eller et al. 2005) . These oxidizing processes are quite efficient, therefore estimates of the amount of gas hydrate-related methane actually emitted to the atmosphere are rather small and reach only 5 Tg CH 4 year -1 (Wuebbles and Hayhoe 2002).
The transfer of methane from the anoxic hypolimnion to the oxic epilimnion of Lake Rotsee, a 16 m deep eutrophic lake near Lucerne, Switzerland, and the oxidizing processes involved are discussed in the present manuscript. Our studies over the last 5 years showed that almost all of the investigated lakes and reservoirs in Switzerland are a source for methane (Diem et al. 2008) . Similarly for Lake Rotsee, we show that, although most of the methane is oxidized during its way through the water column, the lake surface is still oversaturated in methane compared to the atmosphere and serves as a source of methane. Using methane concentrations and the isotopic composition of methane, we describe its build-up and aerobic oxidation by the bacterial community at the chemocline over a full year.
Materials and methods

Study site
Lake Rotsee is a small eutrophic prealpine lake near the city of Lucerne in Switzerland. It is 2.4 km long and 0.4 km wide and situated at an altitude of 436 m. Its mean depth is 9 m, whereas maximum depth is 16 m. The lake is oligomictic and circulates its deep water annually. However, its wind-shielded setting allows a stable stratification beginning as early as May and ending in late fall (November) depending on prevailing temperature and wind. Lake surface temperature is controlled by atmospheric temperature, while the hypolimnion is rather constant at 7°C. During stratification, the lake exhibits a strong chemocline (8-11 m) with an anoxic hypolimnion containing up to 120 lmol L -1 sulphide and an epilimnion with up to 170 lmol L -1 sulphate and occasional large oversaturation of oxygen (up to 580 lmol L -1 ). Methane concentrations in a recovered sediment core below the water sampling station were between 0.7 mmol L -1 (surface) and 4.1 mmol L -1 (with one high value of 5.9 mmol L -1 at 15 cm depth). Sulphate concentrations in the sediment porewater were \1 lmol L -1 . More than 90% of the methane entering the water column from the sediment was generated by acetoclastic Methanosaeta spp., and about 7% by hydrogenotrophic methanogens in the topmost 2 cm (Zepp Falz et al. 1999) . Ebullition was observed at the shallow littoral zones of the lake.
Sampling, chemical analyses, and flux calculations
A full year's limnological cycle of Lake Rotsee was followed from February 2007 to January 2008 by monthly sampling campaigns. A CTD probe (Seabird SBE19) was used to determine temperature, conductivity, density, light transmission, pH and oxygen. Water samples were collected with a Niskin bottle with 0.5 m resolution across the chemocline and every meter above and below this zone. Oxygen concentrations were additionally measured using Winkler titration to ascertain the calibration of the oxygen probe. Water samples for sulphide analysis were filtered immediately through 0.45 lm membrane disc filters (Whatman, FP30/0.45CA) and 1 ml of Zn acetate solution (4% in 2% acetic acid) were added to 1 ml of sample. Photometric analysis (Hitachi U2000) was performed the following day using standard methods (DEW 2004; sulphide: 665 Vertical fluxes of chemical compounds across the hypolimnion-epilimnion interface were estimated from concentration gradients, the magnitude of the interface, and the turbulent diffusion coefficient applying Fick's first law of diffusion. Coefficients for turbulent diffusive transport (k) were calculated from temperature profiles from May to October. Transport in the remaining months was dominated by convective mixing and no k values were calculated.
Methane concentrations and isotopic composition
Water samples were carefully filled into 120 ml septum bottles avoiding bubbles and turbulences. The samples were poisoned with mercury(I)chloride, closed with a butyl stopper and sealed with an aluminum crimp. In the laboratory, a 20% headspace volume (helium) was introduced and samples were equilibrated overnight at 30°C. They were analyzed with a gas chromatograph (Agilent) equipped with a Carboxen 1010 column (30 m, Supelco), a flame ionization detector (FID) and an autosampler. The oven temperature was kept constant at 100°C. Concentrations were determined using the integrated areas and two different methane standards (Scott, Supelco) with lower and higher end concentrations compared to the measured samples. Methane isotopic composition was determined after cleaning the methane and oxidizing it to CO 2 by means of a ''Trace gas'' (GV Instruments) connected to a mass spectrometer (GV Instruments). Notations are in the d notation:
Methane oxidation rates Water for measuring microbial methane oxidation was collected in triplicate in 20 ml crimp-seal bottles and capped gas-tight. From each triplicate, one sample was poisoned with 50 ll concentrated formaldehyde, which functioned as a blank. Aliquots of 50 ll tritiated methane ( 3 H-CH 3 , 2.7 lCi, ARC S.A.) were added to the bottles and incubated in the dark for 24 h at ambient temperatures imitating natural conditions. After incubation, the samples were stripped for 30 min with nitrogen gas to eliminate all unreacted tritiated methane. An aliquot of the stripped sample was mixed with scintillation cocktail (Ultima Gold, Packard) and activity measured in a scintillation counter (Tri-Carb 1600CA, Packard). Turnover rates [k values (day -1 )] were calculated from the ratio of tracer reacted in the water to total tracer added. Additionally, we estimated methane oxidation rates from the decrease of methane in 1 L bottles filled with lake water and incubated imitating in situ conditions over a time period of 3 days.
Methane emissions
Methane fluxes were calculated using the boundary layer model as described by Liss and Slater (1974) :
The model estimates the air-water flux F (mg m -2 day -1 ) using the water saturation concentration C eq (M), the measured water concentration C w (M) of the greenhouse-gas, the transfer velocity k (cm h -1 ) and a unit conversion factor c. For calculation of the transfer velocity k 600 , we used the bi-linear relationship given by Crusius and Wanninkhof (2003) and the relationship given by Cole and Caraco (1998) :
where Sc is the Schmidt number of methane at water surface temperature and c is -2/3 for wind speeds\3.7 m s -1 (Liss and Merlivat 1986) .
Bacterial abundance and FISH
Bacterial abundance from October 2005 samples was determined by epifluorescence microscopy (Zeiss Axioscope 2, 1000 magnification) of DAPI (4 0 ,6-diamidino-2-phenylindole)-stained cells. Bacterial cells were fixed by the addition of concentrated formaldehyde solution (5% final concentration) for 15 min at room temperature and thereafter recovered by gentle vacuum filtration (20 and 50 ml for each sample) onto polycarbonate filters with a pore size of 0.2 lm (GTPB, Millipore). After washing with PBS and water, the filters were transferred into sterile PP petri dishes, sealed and stored frozen at -20°C for fluorescence in situ hybridization (FISH). The protocol of Pernthaler et al. (2002) was used for the hybridization procedure. Oligonucleotide probes MG84/705 and MA450 (MWG) detecting aerobic methanotrophs (MOB) group I and II, respectively, were used to describe microbial communities. Probes were labelled with the indocarbocyanine fluorescence dye CY3 and fluorescein (MWG).
Nucleic acid extraction and RT-PCR/DGGE analysis
Water samples (100 ml) from October 2005 were filtered through filter cartridges (Millipore Sterivex, 0.22 lm pore size) and 1.8 ml of lysis buffer was added to the filter according to Lucas et al. (2005) and stored at -20°C until nucleic acids extraction. Nucleic acids were then extracted from filters according to Lucas et al. (2005) . In order to identify actively growing or metabolizing microorganisms, we analyzed rRNA (Kemp et al. 1993) . DNA digestion and reverse transcription of RNA to complementary DNA (cDNA) was performed according to Lucas and Hollibaugh (2001) .
16S rRNA fragments of type I bacterial methanotrophs were amplified from cDNA using primers MphI-703r and 341f with GC-clamp (Table 1) . PCR products were cleaned with an exonuclease I and shrimp alkaline phosphatase treatment (3 and 0.6 UlL -1 , respectively), 15 min at 37°C then 15 min at 85°C. PCR reactions were conducted with 50 ng of crude DNA, 19 Taq buffer (Qbiogen), 2.5 mM MgCl 2 , 0.1 mg mL
of each primer and 1 U of Taq polymerase (Qbiogen). Amplification was performed using the following temperature program: 94°C for 5 min, 30 cycles at 94°C for 30 s, X°C (X stands for the annealing of each primer pair, Table 1), 72°C for 4 min, and finally 72°C for 20 min. After 1% agarose gel electrophoresis with lambda DNA standard solutions (Promega), PCR products were quantified using the software ImageJ (Rasband 1997 (Rasband -2005 .
Amplified products were separated by DGGE using a Bio-Rad D-Code system. Polyacrylamide gels (6% (wt/vol) acrylamide/N,N 0 -methylene bisacrylamide ratio, 37:1 [w/ w]) contained a linear 30-65% gradient of denaturant
. Electrophoresis was performed for 15 h at 70 V and 60°C. Gels were stained 20 min with ethidium bromide (1 ng mL -1 final concentration) and washed 20 min with distilled water, then visualised under UVlight.
Sequencing of DGGE bands
Bands containing sufficient quantities of cDNA were excised from the gel and were frozen at -20°C for 1 h. cDNA was eluted in 60 ll of water at 55°C for 2 h and was amplified following the PCR conditions described above, using the same primer pairs but without GC clamp. The PCR products were cleaned with an exonuclease I and shrimp alkaline phosphatase treatment as described above. The sequences were obtained from an automated sequencer CEQ 8000 (Beckman Coulter) using the QuickStart premix. All band sequences between 270 and 400 bp were submitted to GenBank (Accession numbers GU048509 to GU048520).
Results and discussion
A 1-year cycle Figure 1 displays the oxygen concentration recorded monthly in 2007 showing clearly the fully mixed water column in winter/spring and the slow build-up of a stratified water column over summer and fall. Besides oxygen, two parameters (the concentration and the carbon isotopic composition of methane) were used to describe methane related processes in the water column. The carbon isotopic composition of methane was applied in this study to determine (1) the source of methane, (2) the location at which methane was oxidized, and (3) to rule out mixing of water masses as an explanation for the observed methane concentration profiles. Microbially mediated oxidation of methane is clearly visible in the carbon isotopic composition (and/or in the hydrogen isotopic composition) since it is accompanied by a strong isotope fractionation. The isotopically ''lighter'' methane is more rapidly oxidized leaving behind methane with a ''heavier'' isotopic signature (Barker and Fritz 1981) . The carbon isotopic signature Bourne et al. (2000) of methane also points to its way of formation, i.e., either abiotic (isotopically heavy) or biogenic (isotopically light) (Schoell 1988) . Since the carbon isotopic composition of the dissolved methane close to its source, namely sediments, was very light (-70%), a biological formation is inferred. Support for this assumption also comes from incubation studies in which both biological methanogenic pathways, i.e., carbon reduction and fermentation were identified (Zepp Falz et al. 1999) . In December/January, when the lake was not stratified, i.e. the water column was fully mixed, the carbon isotopic composition of the dissolved methane (d 13 C methane ) was around -20 to -30% (Fig. 2a) . In February, the d 13 C methane close to the lake bottom was -12% indicating that the methane present at this time of year is the remainder of a once much larger reservoir that was microbially oxidized (Fig. 2b) . In the surface layer (0-2.5 m), d
13 C methane was between -42.7 and -38.6%. This value, which was much lighter than during lake-overturn, indicates a different origin of methane than that in the deep water and points to lateral transport from littoral sediments (Bussmann 2005; Murase et al. 2005) . Little oxygen had been consumed by degradation of organic material (OM) at the bottom of the lake that was either left over from last year or already newly produced. Mineralization in the sediment was indicated by an increase of NH 4 just above the lake floor due to diffusion from sediments (Fig. 3d) . Due to the presence of oxygen in the water column, NO 3 -and SO 4 2-were not yet used for degradation of OM. Instead, SO 4 2-concentrations were enhanced close to the sediment surface due to sulphide oxidation. Sulphide oxidation by phototrophic sulphur bacteria in the chemocline was described by Kohler et al. (1984) later in the year, but it is very likely that early in the year, i.e. now in February, this oxidation occurs close to the sediment since the sulphide diffuses out of the sediment and has not yet accumulated in the water column.
In March, methane concentrations (0.10-0.26 lM) were on average already 4 times higher than in February and a clear differentiation into hypolimnion and epilimnion was visible (Fig. 2b) . Below 9 m, the d 13 C methane was on average around -25% indicating that the methane in the deep water consisted of the remains of a formerly large reservoir that was microbially oxidized. No newly produced methane, which would have a d 13 C methane of below -70% (see discussion on May data), was observed in the deeper water column. In contrast, d 13 C methane above 8 m (-52%) clearly indicated a mixing of newly produced methane from the littoral zones and methane with a heavy d 13 C methane (-25%) from below 9 m and maybe even some atmospheric methane (-47%, Stevens and Wahlen 2000) . Consumption of oxygen took place below 6-8 m due to nitrification while ammonium increased almost linearly towards the bottom of the lake. Sulphate was very well-mixed without any gradient over the water column. In April, methane concentrations (0.24-0.75 lmol L -1 ) had about doubled and the d 13 C methane was on average 10% lighter (Fig. 2b ). Due to a very warm spring in 2007, an extreme algal bloom had built up and the OM settling to the lake bottom triggered low oxygen and decreasing nitrate concentrations below 13 m. These suboxic conditions in the water column and anoxic conditions in the sediments opened the possibility to fully express OM degradation via methanogenesis. This gave rise to an over 40 times increase in methane concentration (0.3-54 lmol L -1 ) in the deep water in May and strong oxygen depletion below 8 m (Figs. 1a, 2c) . Maximum oxygen and nitrate consumption occurred at 12 m depth, whereas Fig. 1 Oxygen concentrations in lmol L -1 measured in Lake Rotsee over a full year (2007) sulphate was not taking part in the redox processes at the depth of the chemocline (Fig. 3) . In contrast, maximum sulphate consumption took place right above the sediment. That sulphate reduction was highest close to and in the sediments and not in the water column around the chemocline was described already by Kohler et al. (1984) . Additionally, a strong change in d 13 C methane was observed in the deep water. For the first time, the large methane input from the sediments was visible by increasing methane concentrations towards the sediment with 54 lmol L -1 methane in the water overlying the sediment and very light d 13 C methane (down to -70%). With respect to methane, different sources can be characterized for the epi-and hypolimnion. The former was supplied by the small amount of lateral methane input from the littoral zone, and the latter was dominated by the very high methane contribution from the sediments where methanogenesis occurred. Additionally, the profile showed very heavy d 13 C methane values (-33.2%) and very low methane concentrations (down to 268 nM) at 9 and 10 m, indicating that a microbial community occurred in this layer mediating methane oxidation.
In the following months (June to November), methane concentrations increased compared to the previous month as follows: 4 times in June, 2 times in July, September, and November (Fig. 2c, d ). Methane concentrations remained approximately constant from July to August and from September to October. The depth of maximum methane consumption matched with the location of maximum consumption of oxygen and nitrate in all months (Fig. 3) . Interestingly, the profiles of oxygen and ammonium always overlapped by 2-4 m, suggesting that the oxidation of ammonium was slower than its vertical transport in the water column (Figs. 1a, b, 3) . Sulphate was mainly consumed directly above the sediment and was therefore not involved in processes occurring in the chemocline (Fig. 3) . However, later in the year starting with September, the zone of sulphate reduction moved closer to the chemocline and sulphate seemed to be involved in the redox cycle in this zone. Hence, we a b c d conclude that at the spatial resolution available, we could not detect a possible partial interaction of methane oxidation and sulphate reduction except for the end of the stratification period. It is obvious that the flux of electrons calculated from the transformation of oxidants and reductants is well-balanced between electron acceptors and donors. This is shown in Fig. 4 where the flux of electrons (in mmol e -m -2 day -1 ) due to oxidizing reactions is plotted in positive numbers, and the flux from reducing reactions in negative numbers. In June at 10 m depth, the electron flux caused by the consumption of oxygen and nitrate (32.7 mmol e -m -2 day -1 ) almost exactly matched the electron flux from methane, sulphide, and ammonium oxidation (32.8 mmol e -m -2 day -1 ). Sulphate reduction, however, occurred directly at the sediment surface and was not involved in methane oxidation (Fig. 3) . The same is true for July when maximum oxygen and nitrate consumption occurred at around 9 m depth (Fig. 3) . Fluxes of oxygen plus nitrate (46.0 mmol e -m -2 day -1 ) matched the flux of reductants (52.0 mmol e -m -2 day -1 , Fig. 4 ). Sulphate was still only depleted at greater depth and seemed not to be involved in methane oxidation. It must be stated, however, that the separation of zones of methane oxidation in the water column and sulphate reduction at the sediment surface does not exclude AOM because this process might still have occurred in the upper sediment layer and sediment-water interface where methane is released into the water column.
Since the flux of sulphate was very low (5 mmol e -m -2 day -1 ) compared to the methane flux of 32 mmol e -m -2 day -1 , AOM via sulphate would not leave a signal in the d 13 C methane , which is only visible after a large fraction of the methane is oxidized. The zone of interaction between oxygen, nitrate, and methane, sulphide and ammonium moved about 1 m deeper in August, with well balanced reaction rates of 63.6 and 60.2 mmol e -m -2 d -2 , respectively (Figs. 3, 4) . In September, methane was oxidized at 6-7 m (Fig. 2d) and oxygen was most likely the oxidant. A bend in the methane concentration profile at 12 m, however, suggested that part of the methane was consumed in this zone. At the same depth, the sulphate concentration profile also showed a sharp bend. Unfortunately, the spatial resolution of the concentration profiles was not good enough to accurately determine the fluxes. A best estimate leads to a sulphate electron flux of 15.7 mmol e -m -2 day -1 compared to an electron flux of 48.6 mmol e -m -2 day -1
for methane in this zone. Hence, only one-third of the electron transfer during methane oxidation could be attributed to the reduction of sulphate. The same spatial pattern was observed in October, and we therefore included sulphate into the sum of oxidants and accordingly a well-balanced electron flux between electron donors and acceptors was observed in September and October (Fig. 4) . The situation in October is comparable in that maximum sulphate consumption occurred more than 2 m above the sediment (between 11 and 12 m) with a flux of 25.7 mmol e -m -2 day -1 and a local flux of methane of 46.7 mmol e -m -2 day -1 ; i.e. a little more than 55% of the methane could have been oxidized with sulphate and other oxidants such as nitrate and maybe iron and manganese, as discussed recently by Beal et al. (2009) in the marine environment, were needed for a more complete oxidation.
In early November, highest methane concentrations were measured with 1.1 mmol L -1 in the bottom waters as a result of the high productivity in the summer months (Fig. 6 ).
Winter overturn
Seasonally stratified lakes often turn over in late fall when atmospheric temperatures decrease and stronger winds bring in mixing energy (Wetzel 1983) . This was observed in Lake Rotsee between the sampling in October and November where the chemocline shifted from 7 m down to 11 m (Fig. 1b) . In November 2007, two profiles were taken on the 7th and again on the 15th after a strong storm on the 10th and 11th of November. After this storm, the lake was mixed down to 14 m as seen in the straight oxygen and temperature profiles (Fig. 5) . Whereas this was also clearly visible in the methane concentration profiles of both days, it was even more pronounced in the d 13 C methane of methane, which showed a marked increase in the fraction of heavy isotopes in the remaining methane (-30% throughout the whole water column, Fig. 6 ). This very heavy d 13 C methane indicates that methane was oxidized since there was no isotopically heavy methane available to produce a corresponding mixing signal. The above mentioned pattern prevailed throughout December with methane concentrations below 0.3 lM, and in January with methane concentrations below 0.1 lM. In both months, the dissolved methane had very heavy d 13 C methane of around -25% (Fig. 2a) .
Surface water methane concentrations and methane emissions
The concentration of methane in the surface water, which is in thermodynamic equilibrium with the atmosphere (according to the Henry coefficient), should be approximately 2 nmol L -1 . However, Fig. 7 shows that throughout the whole year methane concentrations were well above this value. They were at minimum 40 times higher (February, 80 nM) and up to 600 times higher in November (1,200 nM), demonstrating that the surface water of Lake Rotsee was always oversaturated and, therefore, a source of methane to the atmosphere. This holds true for all lakes and reservoirs in Switzerland that we have investigated over the last 5 years (Diem et al. 2008) . Methane emission values calculated from the boundary layer model using the formula by Cole and Caraco (1998) were two times higher than values derived using the formula from Crusius and Wanninkhof (2003) in November (Table 2) . Annual emissions based on these numbers were estimated to be between 73 and 2,600 mg CH 4 m -2 . Comparing this number to the possible emission of methane (5 g m -2 day -1 ), assuming that all methane stored in the hypolimnion would be released, shows that the bacterial community was very effective in oxidizing methane.
Organisms involved in methane oxidation DAPI staining revealed bacterial numbers between 2 and 6 9 10 6 ml -1 in the water column of Lake Rotsee. In October 2005, methane oxidation peaked in the zone where a b day -1 at 8.5-9 m (Fig. 8) . This result was supported by a high proportion of type I methane oxidizing bacteria (MOB) at 9 m (2% of total DAPI counts, Fig. 8 ). MOB are often located in a narrow zone within the chemocline where oxygen is low (Fenchel and Blackburn 1979) and it seems that higher oxygen concentrations in lakes can even limit methane oxidation (Rudd and Hamilton 1975) . Aerobic methanotrophs were dominated by type I group (c-Proteobacteria) and no type II MOB could be detected by FISH. Although the type I dominance is not universal in freshwater bodies, it has been reported for example in temperate lakes, lake Constance, and the Black Sea (Sundh et al. 2005; Schubert et al. 2006; Rahalkar et al. 2009 ). DGGE analysis showed a low diversity in this group and the bands present at 9 (strong), 9.5 m (very strong), and 10 m (weak) were identified as a type I MOB with its 16S rRNA gene sequence 98.4% similar to the sequence of the clone C5LKS3 and 97.1% to the sequence of Methylomonas rubra.
Conclusions
In a full year's cycle of Lake Rotsee, we observed the release of large amounts of biogenic methane from the sediments to the lower anoxic water column reaching concentrations [1 mmol L -1 before the winter turn-over. Without oxidation in the water column, the full content of about 1,700 t CH 4 could be released during turnover from the hypolimnion. However, due to the activity of aerobic methane oxidizing bacteria (MOB Type I, closely related to Methylomonas) and most likely anaerobic microorganisms (so far not yet identified), this amount is much lower and on average only 2.3 mg CH 4 m -2 day -1 (range 0.2-7 mg CH 4 m -2 day -1 ) or 0.8 t year -1 are released. The electron balance between oxidizing and reducing process rates in the water column is well-adjusted, indicating that all relevant processes in this system are covered. Interestingly enough, sinking organic particles do not seem to play a significant role as reducing agents in the water column, Table 2 Methane emissions in mg m -2 day -1 calculated using the transfer velocity k 600 from Cole and Caraco (1998) since the electron balance is well-equilibrated taking all reducing (methane, ammonium, and sulphide) and oxidizing (oxygen, nitrate, and sulphate) reagents into account. Once settled to the sediments, the particulate organic material serves as an electron donor for sulphate reduction. Considering the electron balance, we conclude that methane is both aerobically and anaerobically oxidized in the water column of Lake Rotsee. However, the question of which species are involved in methane oxidation could not be solved completely. Whereas sulphate might play a role in methane oxidation later in the year, this seems not to be the case earlier in the year since sulphate reduction and AOM are taking place at different locations. Additionally, also later in the year, sulphate concentrations are not sufficient to explain the oxidation of the entire methane pool and other electron acceptors need to be involved. Whether those are nitrate as proposed by Raghoebarsing et al. (2006) and Ettwig et al. (2008) or iron and/or manganese minerals as proposed by Beal et al. (2009) needs further research.
